The present study assessed comparatively the antioxidant activities of silymarin and its major active component silibinin and their neuroprotective effects against hydrogen peroxide (H 2 O 2 )-induced oxidative stress in rat pheochromocytoma PC12 cells. It was found that despite newly prepared silymarin and silibinin solution possessing comparable superoxide anion (O 2 .-)-scavenging activities, with time the activity of silymarin lowered slightly, but that of silibinin decreased dramatically. Both silymarin and silibinin suppressed H 2 O 2 -induced oxidative stress and apoptosis, and the neuroprotective effect of silymarin was overall relatively stronger than that of silibinin. The findings provided clues for future studies on therapeutic potentials of the whole silymarin or purified silibinin for neurodegenerative diseases.
Neurodegenerative complaints, such as Alzheimer's and Parkinson's disease have an increasing prevalence with increasing global life expectancy [1] [2] [3] [4] . Despite there being a huge medical need, only a limited number of agents are available to combat these diseases. The pathogenesis of neurodegenerative diseases is complex, but oxidative stress caused by excessive reactive oxygen species (ROS) is widely accepted to play an important role [5] [6] [7] . Thus, a wide range of antioxidants, especially natural ones from herbs, have attracted increasing attentions for being potential agents to treat these diseases [8] [9] [10] .
Silymarin, a natural extract of milk thistle (Silybum marianum) with silibinin being its major active constituent, has been widely used as a hepatoprotectant in the clinical treatment of liver diseases [11] [12] [13] . In recent years, silymarin has been reported to be a promising agent against neurodegenerative diseases [14] [15] [16] [17] [18] [19] . The antioxidant potential of silymarin is believed to be mainly responsible for its neuroprotective effects. To assess its neuroprotective potential, the present study investigated the antioxidant and protective activities of silymarin against hydrogen peroxide (H 2 O 2 )-induced apoptosis in rat pheochromocytoma PC12 cells, which is widely used as a model for neurons [20] . In addition, silibinin is considered to be mainly responsible for the pharmacological activities of silymarin, while this has not been corroborated systematically. Thus, we also assessed comparatively the antioxidant and neuroprotective effects of silymarin and silibinin.
The O 2
.--scavenging activities of silymarin and silibinin, along with L-ascorbic acid, were estimated and the respective IC 50 values are shown in Figure 1 . It was found that both silymarin and silibinin exhibited O 2 .--scavenging activities, but these were lower than that of L-ascorbic acid. The O 2 .--scavenging activities of silymarin and silibinin of the newly prepared solutions were comparable. However, with time, the activity of silymarin decreased slightly, while that of silibinin decreased dramatically, as shown in Figure 1 . For instance, the IC 50 of silymarin after 24 h was about 210 μg/mL, while the IC 50 of silibinin after 3 h was greater than 1000 μg/mL. Mitochondrial function-based WST-8 conversion to water-soluble yellow formazan is generally used as a cell viability assessment test. To confirm the non-cytotoxic doses of drugs on PC12 cells, we determined the safe concentrations of silymarin, silibinin and H 2 O 2 . As shown in Figure 2 , PC12 cells viability was significantly decreased in a dose-dependent manner and the IC 50 value of H 2 O 2 was about 500 μM, which was used as an oxidative injury model of PC12 cells in the subsequent experiments. Exposing PC12 cells to 20-100 μg/mL of either silymarin or silibinin alone for 24 h showed almost no significant inhibition. The indicated concentrations of silymarin and silibinin were all employed to identify the differential protective effects of them against H 2 O 2 -induced oxidative damage in PC12 cells. It was found that pretreament with 60 μg/mL silymarin and silibinin showed the strongest protective effects in the range of 1-100 μg/mL. Pretreatment of PC12 cells with silymarin obviously suppressed H 2 O 2 -induced cytotoxicity and the protective activity of silymarin was much better than that of silibinin. As shown in Figure 2C , when PC12 cells were preincubated with 60 μg/mL silymarin or silibinin, the cell viability was significantly increased from 57.8% (H 2 O 2 only) to 93.8% and 83.0%, respectively. As shown in Figure 3A , PC12 cells in the control group grew normally (a). The cells in H 2 O 2 alone exhibited typical apoptosis features, such as distinct cell body shrinkage, nuclear condensation and loss of cell membrane integrity (b). However, when PC12 cells were pretreated with 60 μg/mL silibinin or silymarin, most of the cells showed normal morphology (c). The effect of suppressing H 2 O 2 -induced cytotoxicity on cellular morphological changes in PC12 cells of silymarin was relatively stronger than that of silibinin ( Figure 3A ).
The proportions of live, apoptotic, and necrotic PC12 cells were detected by flow cytometry using fluorochrome propidium iodide (PI) and Annexin V-FITC. As shown in Figure 3B , the apoptosis rate of the control group was 11.3%, and it increased significantly to 33.8% after incubating with 500 μM H 2 O 2 for 12 h. However, when PC12 cells were pretreated with 60 μg/mL silibinin or silymarin for 0.5 h, the apoptosis rates were reduced to 15.4% and 14.3%, respectively. The results indicated that either silibinin or silymarin could protect PC12 cells from apoptosis induced by H 2 O 2 .
When PC12 cells were exposed to 500 μM H 2 O 2 for 4 h, the intracellular ROS level increased significantly to 194.6%, indicating that H 2 O 2 enhanced the ROS level obviously (Figure 4 ). However, when PC12 cells were pretreated with 60 μg/mL silymarin or silibinin for 0.5 h, the levels of intracellular ROS were reduced significantly. Thus, silymarin and silibinin could effectively attenuate an increase in ROS level caused by 500 μM H 2 O 2 (P < 0.01), and the protective effect of silymarin was stronger than silibinin (P < 0.05). This was consistent with representative images of DCFH-DA staining for PC12 cells as shown in Figure 4B .
As shown in Figure 5 , exposing PC12 cells to 500 μM H 2 O 2 for 12 h was followed by an enhancement of intracellular MDA level by 166.6%. Pretreatment with both silymarin and silibinin effectively suppressed an increase in MDA level caused by H 2 O 2 , and the levels of intracellular MDA were reduced to 103.2% and 128.5%, respectively (P < 0.01) ( Figure 5 ), indicating that the suppression effect of silymarin was much better than that of silibinin (P < 0.05).
Oxidative stress has been widely accepted to play an important role in the pathogenesis of neurodegenerative diseases. Thus, many natural antioxidants have been considered as potential molecules to prevent and treat these diseases [8] [9] [10] [21] [22] [23] . In view of a good safety profile and antioxidant potential, the protective effects of silymarin and silibinin for many types of cells have been investigated [24, 25] . The present study aimed to assess the neuroprotective activity of silymarin against H 2 O 2 -induced apoptosis of PC12 cells and to analyze comparatively the neuroprotective effects of silymarin and its major active constituent silibinin. The results indicated that silymarin exhibited a protective effect against H 2 In addition, it was found that silymarin possessed a relatively stronger neuroprotective effect than silibinin overall. This may arise from the following aspects. First, silibinin is considered to be the most active component of silymarin, while it is unstable. Previous study reported that pure silibinin was unstable, while silibinin in silymarin was more stable in buffers and various biological fluids, implying that other components in silymarin may possess stabilization effects on silibinin [26] . Thus, the better stability of silibinin in silymarin than in the pure form may lead to the relatively stronger neuroprotective effects than silibinin. This is supported by the estimated O 2 .--scavenging activities of silymarin and silibinin, which showed that the activity of silymarin changed slightly, while that of silibinin decreased dramatically with time. Second, silymarin contains various lignan-derived flavonols, and these components may exert synergetic neuroprotective effects [27] .
In conclusion, the findings indicated that silymarin and silibinin effectively inhibited H 2 O 2 -induced oxidative stress and apoptosis in PC12 cells. Comparative analysis indicated that the neuroprotective effect of silymarin is relatively stronger than that of silibinin overall. Moreover, despite the antioxidant effects being believed to be mainly responsible for the neuroprotection of silymarin and silibinin, these compounds have multiple pharmaceutical potentials, and other mechanisms, such as β-amyloid aggregation, inhibition of plaque accumulation, and anti-inflammatory activities, should also be involved [28] [29] [30] . In view of a good safety profile without adverse side effects, even at high doses in humans, silymarin and silibinin are potential neuroprotective agents for neurodegenerative diseases, which warrant more pharmacological and mechanistic studies. --scavenging activities of silymarin and silibinin were assessed with an improved pyrogallol method with enhanced accuracy and reliability, as detailed in reference [31] .
Cell culture: The rat pheochromocytoma PC12 cell line was purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The cells were maintained on tissue culture plastic in Nutrient Mixture F-12 Ham media supplemented with 10% horse serum and 5% fetal bovine serum (FBS) at 37℃ under an atmosphere of 5% CO 2 . To compare the protective properties of silymarin and silibinin on H 2 O 2 -induced neurotoxicity, the PC12 cells were preincubated with silymarin or silibinin for 0.5 h before adding H 2 O 2 .
Cell viability: Cell viability was assessed by CCK-8 assay. Briefly, exponentially growing PC12 cells were seeded at 10 4 cells per well in 96-well tissue culture plates with Poly-D-lysine hydrobromide and allowed to attach for 24 h. After attachment, the cells were pretreated with different concentrations of silymarin (1-100 μg/mL) or silibinin (1-100 μg/mL) for 0.5 h. The cells were then incubated with H 2 O 2 (500 μM) for an additional 24 h, after which, 10 μL of CCK-8 solution was added to each well and co-incubated for 3 h at 37℃. Drug-free 0.2% DMSO Nutrient Mixture F-12 Ham was used as a control. H 2 O 2 alone was used as a blank, and the no-cell wells with the same amounts of chemicals were used as a blank control. The absorbance was measured at 450 nm using a Multiwell microplate reader (MultiskanGo, Thermo Fisher Scientific, Vantaa, Finland). The cell viability (%) was calculated according to the following formula:
Cell viability (%) = [A(dose) -A(blank control)] / [(A(control) -A(blank control)] *100%
Cell apoptosis: Exponentially growing PC12 cells were seeded at a density of 10 5 cells/mL in 6-well tissue culture plates with Poly-Dlysine hydrobromide. The cells were then pretreated with 60 μg/mL silymarin or silibinin for 0.5 h and incubated with 500 μM H 2 O 2 for an additional 12 h. To detect the cellular morphology, the PC12 cells were observed by a phase contrast microscope (× 200). Then, cells were harvested and loaded with a combination of annexin V-FITC and propidium iodide for detecting apoptosis by flow cytometry. The annexin V-FITC apoptosis detection kit was used to detect cell apoptosis following the manufacturer's instructions. In brief, the cells were mildly washed with phosphate-buffered saline, re-suspended in binding buffer, hatched with annexin V-FITC, and then analyzed in a Flow Cytometer (CytoFLEX, Beckman Coulter, America).
ROS assay:
The generation of ROS in the PC12 cells was estimated by a fluorometric assay using intracellular oxidation of DCFH-DA with 485 nm excitation and 520 nm emission wavelengths. After 24 h of attachment as described above, the cells were pretreated with 60 μg/mL silymarin or silibinin for 0.5 h and incubated with 500 μM H 2 O 2 for an additional 4 h. After incubation, the cells were washed with phosphate-buffered saline once and loaded with 10 μM DCFH-DA for 30 min in the dark at 37℃. After treatment, the cells were gently washed and immediately observed by either fluorescent microscopy (Olympus IX73, Tokyo, Japan) or fluorescent microplate (Varioskan Flash, Thermo Fisher Scientific Oy, Vantaa, Finland), which enhanced the accuracy and reliability of the results, as detailed in reference [32] . The intracellular ROS levels in the control group were defined as 100% and the other groups were evaluated as a percentage of the control. The generation of MDA was evaluated by the Bradford protein assay kit and Cell MDA assay kit according to the manufacturer's instructions. The MDA levels in the control group were defined as 100% and the other groups were estimated as a percentage of the control.
Statistical analysis:
Statistical analysis was performed using SPSS (16.0) software. The difference in the different groups was analyzed by one-way analysis of variance (ANOVA) and Tukey's multiple comparisons post-test. All values represent at least 3 independent experiments and are expressed as the mean ± S.D. Differences were taken when P < 0.05 (* or # ) and significant differences were taken when P < 0.01 (**).
